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‚hepter 1 
INTAGUUCTIOR 


it Ce obviously impossible te make direct observations of 
nuclear particles because of their extremely small dimensions, 
but many experimentai @ethods fer studying these particles are 
available te the world of physics. Although these methods Pro- 
vide only indirect informetion, they do affora numerous oppor- 
tunities both to develop and to confire theories purporting to 
explain the nature of nuclear properties. The study of nuclear 
cross sections is ene such line of attack. 

if a thin sample of a given element of thickness Av 
measured in number of atoms pr unit aros is interposed into the 
path of a beam of neutrons, the nuxber of neutrons that will be 
deflected from their paths will be proportional to the number of 
incident neutrons, Y, and the thickness of the sample, Av. 
hence AN ® (-jliggav, where gy is a proportionality factor 
called the total cross section. Its units are area per atom. 
Lith the use of standard differential equation techniques, it 
can be shown easily that dv * (l1/v)la (Ng/H,) where lig is the 
number of neutrens incident upon the sample, and Ny is the 
attenuated number of undetlected neutrons at thickness v., The 


expecsinentel measurements of cross sections in support of this 





thesis were acoompil shed by tneerting se, les of tne element 
(or compounc) of interest into the path of & collíssved beam of 
neutrons. ¿osparigon of tue count of neutrons with no sample 
inserted, Mg, with the count when a semple of thickness v was 
inserted, yielding h,, provides, ty means of the above formula, 
an experimental value of the totai cross section, ZT.» 

Blatt and -elewkopf deline the cross section of a rewction 
(ais 


def (1) 





This Z is clearly proyortiosal to the pinbability ef the given 
type of event taking place, anc gy is proportional to the sum 
of tbe probsbilities of ail the poseible nuclear events. Pass 
different events are possible; anong thea sre elastic scatter- 
ing of neutrons, ivelastic seattering of neutrone, amd capture 
of neutrons. The crose sections sereured herein «ere actually 
total cross sections, but in the energy regions observed elsstic 
scattering of neutrons was the overwhelailugiy predominant ovent. 
when the value of 77 is measured for various energies of 

incident neutrons, peaks in the cross section curve are ob- 
served. Thess peaks (and valleys in some cases; are called 
resonsnces. iheir existence is mot anticipated from any theory 


of classical mechanics. By the methods of wave or quantum 
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ፀ፤6ሆ!ፀወ9ከክሮፎዊ nwzrberg in perentheses refer to numbered 
references in the bibliography. 





mechanics, Preit and Wigner have explained the occurrence of 


such resonances (2). The r 





ences occur in the case of elastic 
scattering of neutrons when the energy of thea compounc nucleus 
(eriginal nucleus plus incoming neutron) eorresponde to a dis- 
trete quantus state. 

The basic enuations of che Dreit- igner one-ievel formula 


are: 


(2) 





(5 = Sei E sin 2kh 


Tine © “زع ما‎ መመመ መመ. اسمس‎ (3) 


(B= lig)? « (7) 


aro Š bK sin? khac arhi? (4) 
dE = Tres + Ting * Toor (5) 


where Jyes is the resonance cross section term, pot is 
approxi@etely the cross section which would be observed if the 
actual nucleus were replaced by an inpenetrable sphere of radius 
Ñ, and Ding if an interference term resulting from the wave 
properties of the neutron. A is the Direc wave length of the 
incominr neutron, k Ls the wave nurber of the incoming neutron, 
is the energy of the incoming neutron, 24 is the resonant 


energy, ' is the width of the resonance at one-half of gy, the 
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maximum value of the resonance, and g is a statistical factor, 
g = (26 + 1)/(21 + 1)(28 #1), à is the total angular somentun 
quantun number of the compound nucleus, I ise the spin of the 
target nucleus, and s is the spin of the neutron (1/2). 

There is no known theory which will predict the energies 
(55), widths (L), or quantum numbers (J) of the compound states 
of any nucleus. <‘fforts to calculate average level spacings 
have so far yielded only qualitative success. The complex 
potential @edel (3) predicts the ratio of the average spacing 
to the average width. The Brelt- igner theory provides the 
basis for determining the quantum numbers and wiäths [rom ob- 
servec cross section curvee mien well separated resonances «re 
observed. 

in these experiments protons (accelerated ty the à Mev Van 
de Uraaff accelerator at Luxe University) bombarded a lithium 
target. The reection vhich ceeurs above a threshold ef 180% ۴ 
of proton energy in the l»bor»story system, produces neutrones and 
beryllius (58'). Lith the apparatus used in these experiments the 
average energy spread of neutrons so cbtained was reasonably 
small (of the order of 1 kev). The exact character of the energy 
distribution, however, was unknown. Nevertheless, it is possible 
to sake some reasonable asSuuptiongs ín regzrd to energy distri- 
bution which simplify snalysis of experimental dsts. In general, 
action taken to decrease the energy spreed of the neutron beam 
bends to decrease the intensity of the beau. 1 compromiso is 


therefore necessary between beam intensity ani energy homogeneity. 
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The principle objective in viese experiments and their 
analyses haa been to overcome the lack of knowledge of neutron 
energy spread and analyze toe 3 kev and the 53 kev resonances in 
podium and the 27 kev, the 49 kev, and 100 kev resenances of 
fluorine ty acans of transmission experiments in erder to 
determine ths quentum mumhers of the states associated with the 
resonauces and in order to determine the widens (( ) of the 
resonances 





Chapter If 
DEUTRIFTION OY ZXPERARIKSXTAL ATiALATUS 


The apperatus used cengisted of a Van de Graaff ilectrostatic 
Generator, a məgnetic analyzer, a cylindrica: electrostatic 
analyser, a lithium target, a Jelsyn cperated sample holcer, a 
waterefilied tank with a neutron collimating cavity, and beron 
trifluoride (2F3) counters. Figure 1 shews an overall picture 
of the experizental apparatus; Figure 2 shows the water tank; and 
Figure 3 shows the sample holder. 

The output of the Van de Graaff accelerator consisted of 
hydrogen ions (protons), íonized hydrogen molecules, and im 
purities. The first selection in regard to type of particle was 
accomplished by a magnetic analyser which deflected the proton 
beam 18° in the horisental plane and separated protons from 
other particles which vere deflected by angles considerably less 
then 18%, The strength of the preton beam in this segment of 
the apparatus wes about 25 to 50 æicroasreres,. 

Principal energy analysis was accomplished in tke electro- 
static Analyzer which deflected the proton beam through an 
additionai horisental angie of 999. By this means energy 
resolution wae improved to the order of ..05, but besa strength 


was reduced to a few microamperes. 
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Trotons emerging from the electrostatic analyser bombarded 
a thin lithium target. The target was prepared by soldering 
platinum foil, which was two mile thick, to one end of a silver 
tube. Flatinum and silver were used because their resonances 
are quite narrow and their use produces uniform and generally 
nepligible effects on the experimenta. +è flange was soldered 
to the other ond of the tube. The tu e, which was three inches 
in Length and three-quarters of an inch in diameter, was made 
of vubing of 9 Bils in thickness: The target tube was 
positioned in an evacuated bell jar, end lithium was heated ከሃ 
electricity and evaporated onto the inner side of the platinum 
end plate. A brass shim stock liner was teavorarily inserted 
during the evaporation process to avoid coating the sides of 
the tube with lithium. tpon rasevai of the target from the 
bell jar, ite flange was bolted to the end of the proton beam 
eollimating tube as rapidly as possible and immediately put 
under vacuum. A chercoal trap cooled by liquid air was used 
near the lithium target to improve the vacuum and helo maim- 
tain the target's purity. 

The thiekness of the lithium coating was a compromise be- 
tween neutron yield and neutron energy spread. An arbitrary 
standard thickness of bismuth was used to test the target for 
lithium coating thickness and neutron yield.  * transmission 
ratio of about 505 at the 12 kev resonance of bismuth with a 
neutron counting rate of about 3000 per Ginute vas determined 


by experience to be & good criterion for target acceptence. 
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The samples of the various substances studied were ۵ 
on à spoke-like saeple holding device which was remotely con- 
trolled et the control panel by selsyns (see Figure 3). This 
arrangesent was used l'or reasons ef sufety sna economy of tise. 
The neutron flux in the vicinity of the target and the samples 
predicated a remote control system in creer to avoid over- 
exposure of experimenters to radiation., The syoks-like arringe- 
ment permitted the simultenecus study of several thicknesses of 
the game material or several different substances at each 
energy. Ân indicator light at the control panel showed which 
sample was in plece for a run. The sample holder was mounted 
in such a manner that the sample, when in place, lay betreen 
the proton focail point on tie lithium target and the neutron 
counting cevice. 

A water tank shield was used to limit tae angles through 
which neutrons were accepted for counting; this limited the 
neutron energy spread for a given proton energy. “The water tank 
was so constructed that neutrons were accepted between 121° and 
123° in the vertical plane measured from the proton bea path snd 
10° in traverse to each side. A means of determining neutren 
energy was thus effected, since, for a given proton energy in 
the laboratory system, neutron energy is a function of this 
ans le in the vertical plane. The purpose of the water surround- 
ing this opening was to degrade and capture nectrons at 
improper angles ana prevent such neutrons from being counted. 


à matrix of boron trifluoride (PF3) counters imbedded in 
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paraffin was placed at the bottom of this tank cellig@ating tube. 
The counters were erranged in such menner thet the probatility 
of counting neutrons which entered the counter was maximized. 
BF4 counters work most efficiently with therzalísed neutrons. 
Paraffin served the purpose of thermelising the high energy 
neutrons entering the matrix. For more detsils concerning the 
counting, matrix and the water tank, ee the lh.. thesia of 

Ur. John ii. Cibbons (4). 























chapter III 
RITIRO OF 3 


The equation for the total creas section developed in 
Chapter i, o% & (l/v)ln (Mo/h,), where c. i5 the total cross 
&ection, v i58 the target thickness, Hy is the number of neutrons 
entering the saaple, anc Ky ig the attenuated number of neutrons 
at thickness y, is valia fer the case essere zonoergiíic neutrons 
are used, or were 0y 15 independent of neutron energy. The 
actual cross gestion observed ia trenselesion experimenter is a 
weighted average velue of the cross sostiene for the different 
energy values of the incoming neutrons. For purposes of clari- 
fication, Tap, is defined T'appsii/v) in (Beie), where R. js 
the experimentally obverved “sample out" count corrected for 
background, and Ny i. the “senple in” count corrected for back= 
grounc and potential scattering. 

4 continuing effort is exertes in all messurssenrts of cross 
secticus to reduce the energy spread of the ineoming neutrons, 
but some spread slvays oxists. If the 8Sprosd i5 $2311 in cox 
perison witn the width of a resonance, the aeasured peek cross 
section velue Ís almost cawal to the true peak cross eection 
value, If the spreo is large in comparison with the width of 


the resonance, tha measured peak cross section value is 
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considerably less than the true pesu crose section value. in 
fact, a very narrow resonanee might not even te cetected in that 
its email obterved pesk could be attributed to statistical error. 

if the true peak cross section value were uniquely 
determined by the energy at "which a resonance Occurs, à neutron 
energy spresd narrow enough to allow mere detection of a 
resonance would suffice lor cetermining the true peak crose 
section value. Actually severai discrete values of the peak 
cross seetion are pousible depending upon the total angular 
momentum quantum number, J, of the compound nucleus through the 
statistical weight factor, g, explained in Chepter I. Teichmann 
hae shown that oniy a few J values are to be expected se possi- 
bilivies (9). Accordingly, very goo neutron energy resolution 
is invaluable in determining the true pesk cress section value. 
Also, a good knowledge of the character of the neutron energy 
spread would facilitate evaluation of experimental data. 

Une approach to tnis situation is te consider the neutrons 
that are scattered as the beam passes through successivo layers 
or thicknesses of a substance. In the case of a normal or 
Caussian energy distribution of neutrons with average energy 
corresponding to that of the peak of the resonance, the probabil- 
ity of being scattered Le lover on the wings of tka Gaussian 
curve (away from the resenant energy; than it is near the center 
of the Gaussian curve (near the resonant energy). Hence, with 
an bnecwting Gaussian energy distribution, the neutrons 


scattered in thiekness v of the substance have an energy 
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diatributioa whieh is leptokurtie, or more peaked then a 
Gaussian. The degree of kurtosis af this distribution is also 
smaller than that of the resonénce curve itself, indicering thet 
the energy distribution curve of the scettered neutrons is more 
peaked than the resonance curve. The unscettered neutrons at 
thickness v would have a platykurtic, or broader than Cassian, 
energy distribution. The degree of kurtosis of the energy dis- 
tribution of neutrons between thickness v and thiekness 2v would 
be smaller tran thet of the energy distribution of neutrone un- 
scattered at thickness v. Determination of tie cross section 
by the formula defining Tapp ín the first paragraph of this 
chapter uses Ñy, the unscattered neutrons at thickness v, which 
have a platykurtie energy distribution. There le another 
method of deteralaing cross sections, referred to as the 
difference method herein, which takes advantage of the improved 
resolutions of the neutrons that ere scattered in successive 
equal thicknesses. û cross &ection determined on the basis of 
this principle ia defined Sosirr E (1/w) ln (No = Hy/NRy - Nay), 
where tie subscripts refer to tne thickness sample used when 
the neutron count, N, is obtained. The N's should be corrected 
for potential scattering before insertion into this formula, in 
which case the value ls 2 cross section due to the resonance 
alone. in the ense of monoergic neutrons, ሪፒበያያ ኖ Sapp: 
The quantity Ky - By ís the number of neutrons that are scattered 
in the first thickness, v, of the substances the quantity 


Ny - Noy represents the number of neutrons that are scattered 
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between thickness v and thickness 2v. in view of the improved 
resolution of these guantities, it is anticipated that Ooyirt 
ia a closer approximation to dy, the true peak resonance cross 
section, than app is. 

hergbacher and Ghern have developed by means of numerical 
integration a family of curves from which N./H& can be 
determined, assuming a Gaussian neutron energy cistribetion (5). 
The other arguments besices وا نا‎ aro ¿3 P/2.83y, where [ 
is the width of the resonence ang y is the standard deviation 
of the neutron energy distribution, and B a vogo where v is 
target thickness ہے ےھ‎ is the theoretical peak value of the 
resonance cross section. (Mersbacher uses the Greek letters که‎ 
for 4, 4 for B; anë À for y.) The relationship و‎ > Joairt 
> Tapp was tasted for valicity by entering Mersbacser's 
curves with various values of A and D. The relationship proved 
to be accurate except for large values of A corresponding to 
very good neutron energy resolution. In such eases رع في‎ 
fell below Sapp in value. The cause of this anemaly was net 
pursued, since the difference method is unnecessary with good 
resolution. in no case did Z air£f exceed مک‎ The difference 
method thus offers an improved approximation to the true peak 
cross section value. The primsry weakness of the difference 
method formula in its application ia that the error expectation 
is rather iarge in that the numerator end denominstor are 
differences of experimentally devermaned valuer. it is particu- 


lariy sensitive to a variation in hy. 


= — — 
— 
P — 
® 
hd 
0 ۳ 92፡9 a 
< 





47 


f. A. Dethe hes derived an expression for determining the 
peak cross section value of a resonance term, C g, by 6 self 
absorption method which can be applied even to a flat distribu- 
tion of neutron energies iĝ). Jethe'a formula applies te the 
Situation in which a thin layer cf resonant absorber or scatterer 
is placed into a collimeteu besas cf neutrons and serves as a 
detector. A P,Y or neutron counting devices say be used as e 
measure of the number of interacting neutrons. The transmission 
ratio, z, is measured by placing various thicknesses of the 
same raterial upbeam from the ¿detector layer. Cethe's formula 
gives this ratio, 2 = exp (-8/2) Ig(1iB/2), where Jg is the 
Bessel function of order zero and B = Vog- The value of o 
can be calculated from the value of B/2 obtained from the curve, 
since the thickness of the sbsorber sample, v, is known. The 
method is ürrlicable only to isolated resonunces. 

No = Ey, the numerator in the fermula for ፓዕ83፲፻፣ 15 the 
nu&ber of neutrons that are scattered in thickness v, correspond» 
ing to the counts that would be observed with the detector layer 
alone in the beam. The difference Ky - Roy, the number of 
neutrons scattered in the seconó thickness, corresponds to 
néutrons detected in Bethe's arrvngement. 

if the ratio N), - ተሪ ~ Hy 15 used as z in vethe's curve, 
& cross Section, defined Sgp, can be obtained. This cross 
section should be considerably lerger than the true cross 
section, since Sethe's formula is based upon a flat incoming 


neutron energy distribution. The distribution used in these 





ጊ6 


experiments is considerably better than a [lat distribution, 

A cress section, Top, obtained from Betne's curve thus provides 
an expected upper limit to the value of the true cross section, 
Q o. Pethe's formula is based upen a thin detector layer, 
therefore with thicknesses used in tnese experiments, J gb 8 

an approximate upper limit. 

With the above facts in mind, gaeples were prepared in 
Single, double, and higher harmonic thicknesses. some of the 
sodium cross sections were measured by using sodium fluoride 
(NaF) samples. Chemically pure powdered wal crystals were 
heated to expel any water, veighed, and compressed in a 
tircular die of 1-1/8 inch diameter. They were canned in brass 
tubing which had a wall thickness of about 1/32 inch. One mil 
silver sheets were soldered on each end to 55121583185 tie dryness 
of the samples. The samples were then glued to saeple holding 
adapters and bolted to the sample holger above the water tank. 
Thicknesses of the Naf samples are given in Table 1. 


Tabla I. Ne? LAM ThE THICKER CL 
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Sasple number ka atoms/sq cm 
2 0.766 x 1042 
3 1.933 x 1022 
i, 3.027 x 1022 
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Attempts were algo made to prepare phosphorus samples from 
red phosphorus, but apparentiy the samples could not be dried 
sufficiently for use in transmission experiments. 

fluorine samples were obtained quite simply by using single 
and double thicknesses of 1/¢ inen teflon (polytetrafluorethy- 
lene - CF). A thiekness of 1/8 inch has 1.66 x 107? fiuorine 
atoms per Sq cms, 

An hermetically sealed metallic sodium sample prepared by 
Dr. À. L. Toller for a previous experiment was also used, Its 
thickness was 2.407 x 1022 atoms per square centimeter. 

The Gaussian resolution curves discussed in the description 
of the difference method previde the basis for a method of peak 
height analysis which was developed by Merzbacher and Chern (5). 
The three arguments to the curves are NJ/N,, the transmission 
ratio, A sf /2.83y were r is the width of the resonance and y 
is the standard deviation of the incoming neutron energy 
distribution, and D 5 Ve where v is the target thickness in 
atoms per square centimeter and 7, is the peak value of the 
cross section due to the resonance alone. N,/K, 1s determined 
experimentally. The thickness, v, can be determined with reason- 
ably good accuracy; a few discrete values of 7, can be 
determined, depending uron the statistical weight factor, g, 
descriteú in Chapter i and the resonant energy. Hence, a few 
discrete velues of B can be postulated. ith an experimentally 
determined Rad Be (hy should be correctsd for potential scattering), 


a value of + can be determined from the curves for each 
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postuleted value of B. The correct choice of P should yield 
the same value of « when experiments sre concucted with several 
different sawple thicknesses, other conditions being the same. 
Therefore, consistent values of à for different sample thick- 
nesses is evidence of a correct agaumption of یک‎ 

In addition to the peak height analysis method just 
described, sersbacner and Chern have developed a method of 
determining the width, Û , of a resonance for resonances in 
this energy region (5), based on am area analysis of the trans- 
mission ratio curve. The method consista essentially of 
measuring the area between the transmission Curve and unity 
over a good portion of the resonance din. The energy sepments 
on each side of the tranemiscion curve minimum must be equal in 
order to cancel the effects of tne anti-symmetric interference 
term in the Breit-“igner expression (see Chapter 1). The method 
yields a different width for each postulated pork eross section 
Value, جج‎ The correct choice can be made only if the total 
angular momentum quantum nutber, d, ls known. 

Another method of peak height analysis based upon the 
assumption of @ rectangular neutron energy resolution is dis- 


cussed in chapter vi. 





Chapter IV 
PROCEDURE 


A bea» of protons was obtained by means of the Van de Graaff 
Electrostatic Cenerator. The magnetic end electrostatie 
analysers were deseribed in Chapter \. This proton beam bon- 
barded a lithium target to yield neutrons by the Li’(p,n) Be! 
reaction. since the angle of neutron acceptance was fixed at 
1229 21°, the neutron energy was principally a function of proton 
energy. 

The first step in the procedure was to check the target 
thickness by means of the standard bismuth sample at tre 12 kev 
bisauth resonance (See Chapter lij. if the target wss satis- 
fectory, a check of the known 1982 kev forward threshold of the 
ii? (p,n} Be? reaction was then made in order to calibrate voitage 
Settings on the electrostatic analyzer. 

The procedure for obtaining date was then to set the proton 
energy at the necessary level to attain the desired nominal 
neutron energy. The number of neutrons was normalized by 
meaguring the integrated proton current hitting the lithium 
target. irst a count cf neutrone with no sample was obtained., 
The amount of integrated proton current was selected to yield an 


"ou." count of about 4000 to 19,000 in order to keep the 
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experimental error at about 1-27. Next the samples were inserted 
by the remote control veisyn system inte the collimated neutron 
path and "ín" counts were taken. Then another “out” count was 
taken as a check on stability of cxperimental conditions during 
the run at. thet particular energy. ‘Inasmuch ss analysis of 
experigental date involves comparisen and use of data obtained 
from different sample thicknesses, it was desirable that neutron 
counts should be taken with gach sanple thickness in sequence at 
a given energy level in order that experimental conditions would 
be as nearly equal as rossibie for all sampile thieknesses. 

At or near the resonant energy, where the cross section is 
high, thinner sawples vers used in order to o tein higher count- 
ing rates when the samples were "in." Away from the resonances 
the erons section la small and virtually independent of reutron 
energy. «hile the use of thin samples yields high "in" counts 
in such regions, the transmission ratio ig very nearly unity 
thereby increasing the statistical error (in barnes; in the eross 
section. Accordingly, thicker samples were used awsy from the 


7۲۰4-8071011002. 
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Chapter V 
TRE 3 KFV ጸ፻2:8825% OF WEITEN 


Delove et 81 (0) determined experimomtelly thet tne peux 
eross secticn velue of the 3 kev resonance of sodium wes 555 
barne. (4 bern i58 107% Suuare centimeters.) This value 
eorresponds to ad quantue number of Z. The experimentsl data 
reported by Prockhiven ational Laberitory .7) is consistent 
with a J value of 1 in that nc point above 333 barna was ob- 
tained. An attempt was Bede to fit Lire experimentsi dûts with 
& theoreticel curve using gy * 335 barns, ۲ ۶ 8 neutrons, 

J * 1, Í @® 0.40 kew at 3 kev, and deet © 4.8 barna. Figure 4 
shows this curve tegether with various experimental points. The 
aaymmetry of this curve is explained by tine presence of a si seq 
able interference tare for ያ = O neutrons. A wider, , of 
avout 0.37 kav inrtead of ..40 kev would probably yield a 

better fit te experimental date, ecile thie esilculeated curve 
fit» oxperiments) dete quite weii, it is isprobeble that the 
rescluticn of tne Prookheven experimentel equipment would yield 
experimental creas sections so cios- to the true petk vulue, 
which is the cabe 11 4 pesk velue of 333 barns is essumed. 

An attempt to Lit experimental data with له‎ € 24, £ = Q 


neutron’, and a width, [ , of Ud kev (the widt® found from 
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area analysis by the Brookhaven group) yielded vary poor re- 
sultc in Chet euch a narroe width is not consléetent «ith 
experiuental deta. ^ widtn of &bout 0.25 sev wowlc be weeded 
for curve fitting of experi&ental date ia such a case. An aren 
analysis by the method describea in Chapter III of experimental 
data obtained with WaF samples 2, 3, and & (see Table Î) 
yielded an average width, [' , of 0.34 kev for the postulated 
values of J * 2 anü LEV. Tre value for tho width at 
resonance obt&ined from tre area methel agrees very well with 
that okbtveined by dirwet curve Pitting, and the agaigneent 
9፡52, Le © seves very satisfactory. However, in order to get 
a detaile fit, it wae necessary to aswwhe the unresweonsbly high 
value زوك‎ 7 7 barns; consequently, this sasivueent is sone- 
what less sariefuctory than en L a Ll assumption. 

If lœn neutrons aro rostulated, Lhe interference term 
fen be neglected, but the asymmetry is then explained cy the fect 
that the width, [" , varies directly with 82/2, The "reit-'igner 


resonance terS is then altered to the approximation: 
È ,2 ,>ጋ 
dres = ዴድ — (6) 
2 


where (Fes 15 in barnt, g is the statiatice] weight factor 
described in Chapter i, Le is the width at the resonent 
energy in Fev, Í ie the width at any energy in Bev, K is the 


neutron energy in Sev, and ky is the refonant energy in reg, 
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Away from the resonant energy where (f - 54) 1s large compared 
with 0/2, the second tere in the denoainetor can be neglected. 
Hence, sweep fros the resonant exergy the reeenance crose section 
is proportional to L/(À - tQ)? for (= 1 neutrons. Figure 5 
$nowB an empiriceasl curve fitted to experimental Gata by a pro- 
portidnality factor of 1.8. 

Because of the uncertainty of the true pean cross section 

value of the 3 kev resonance of sodiuw, experiments were con- 
ducted with the various thicknesses of ecdium flucride 
described in Table i. 4 Caussian peab belgnt analysis of the 
resonance was made in the manner describeé in Chapter lii. 
J values of 1, 2, and 3 were tested. Table il shows the "A" 
velues cbteined for each sample thickness paired with eech 
postulated J value. J = 9 was not considered, since experimental 
values of the peak cross section, Japp, were greater than the 
theoretical velue of lll berns for o œ .. Consistency of "4 
values for different thicknesses is evidence of a correctly 
postulsteü J value. The resulta shown in Table Il favor J 2 3 
over ! = 2 and J @ 1, but the inconsistency for J 2 2 is not 
sufficient to rule it out. d 2 1 appears unlikely on the basis 
of this ansiysis in agreement with the resulte found sy .elove 
and the Drooknaven group, and with the wore direct obeervation 
alresdy discussed concerning the nesrness of experimentai values 
to 333 barns, the Pesk crose section value for y € l. 

Lvaluation of this resonance by Yethets self absorrtion 


method described in Chapter III was also made: An upper Limit 





TabXe II. OAR WRIGHT ABALTSIA OF THE 3 KAV 2:70,98፤ እ፪::5885ፆ 
QAUSEI NM 1 








w ويس سجس .ل‎ *ጊ Ay Ay 

atons/sq em 
5,377 x 10% 0.45 0.26 0.20 
0.766 x 1022 0.35 0.27 0.18 
1.533 x 102-7 0.33 0.22 0.18 
6. 28 (de 21 O. 18 


3.027 x 1022 





a Ag Pr /2.83y where y is stondord deviation of neutron energy 
Subscripts correspond to d quantum numbers. 
Consistency of + values for different saapls thicknesses is 
evidence of correct J value. 


of d'y € S27 barna wa obtained by this method; J = 1, 2, or 
3 ara possibilities, but J = 3 hes <? t 77E barns, which is 
closer to 827 barns then is normally expected. 

is ۸4 ۶ 1 6 postulated, experimental deta can be adjusted 
for the variation of the width, Po, with the energy by reising 
the transmission ratio, Rei Be with By corrected for potential 
scattering, to the power (5ኀ1/5)*. "20615 obtained from ax ares 
analysis of these adjusted trenamiseion retios ere tabulated in 
Teble lla together with widtne corresponding to the ¡ropertional- 
ity Ceetor of 1.8 used in the empiricsl curve in Figure 5. 
Niserspancios in tne vaives obtained by the to methode could be 
due to the fact that the analyses were made with tro different 


Seto of experlmente] dete with slightly aifferent energy scales. 
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Table ila. DONG, f p UY TUE 3 KEV 407110۸ [5:5ቹ4568 ዚጨኤ፦ 
RARUS QUAZMKIPCAUDLIXG Tu J QUAFTUM TUNIKA CY 1, 2, nu 3 


AND Í © 1 SEUTAGES OBTALKED WY AMAA AMALLA ABÛ CUMVE 
PITTING OF LIPMAINMENTAL DATA 





J value ل‎ = 1 J = 2 ن‎ ۶ ٩ 


[ by area analysis, 0.35 2 0.0% 26ت‎ + 608 0.22 » 0.03 
nev 


f by empirical Oe bk, & O.0L 0.34 ع‎ eil 0.29 0.03 
formula, using 


Sres * TZ - Lë 


SS : 
irea analysis by Merzbacher-.harn method with experimental 
trénemission ratios corrected for variation of width with 
neutron energy, [ = (ኙጉ(5/ሩሬ) 

Limits in values stated because of uncertainty ef Up. 














à summary of the results of experiments both by myself and 
by others cn this resonance is given in Table III. The essign- 
went of quantum number J = 2, in spreesent with celove et al, 
and angular quantur number £ € i seems most consistent. It is 
hoped that angular distribution studies will clarify remaining 


uncertainties. 





Tetle III. SUWANALY OF 3 ELV 2UDIUM 2006 انا ناا‎ 





= — — 








postulated theoretical assumed — 
ü 111 1 Jexp too high 
1 333 O, 1 vontistent with share; 
peak height analysis 
inconsistent; exp 
too high. 
2 555 ህ, 3 Consistent with share, 
peak height analysis, 
exp: 
3 775 1 Most consistent with 
peak height analysis 
Upper limit of de de 827 barns 


rinimun value of Tz - Prookhaven data 300 barna 


Value of I, obtained ከሃ Selove 555 barns 








Figure 4 
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vhapter VI 


THE 53 KEY ALOCHARUL CF 88 


In area analysis of the 53 kev sodiwa resonance was nade 
by the method deseribed in Unapter 1ii with data obteined from 
a neutron transsissien experiment using a metellic sodium 
eGmple of thickness 2.407 x 1077 atons yer square ماه ون‎ 
Results of this analysis are given in Table Il. The lowest 
value of the transmission rstio obtained witn ما‎ s α 
bismuth sample at the ie kev biszuth retonance peak was 0.52. 
This vive was determined in setting up the experiment, and, in 
general, met the requirements of lithium target cccertability 


deseribea in Chapter fi. 


Table IV. ‘CLOTHS GF THE ei KEY SODIUM RESOUAMT: FACE 
A WERTSACHER@CHLAN AREA ANALISIS 





J Tapp barns d'y barns Uxev 
postulated maximum theoretical calculated 
ጊ 365," 1,70 
= 14.2 31.4 1,03 
3 با ابا‎ 0.78 























d pet of 3.7 barnt assumed in deterwining Tapp" 
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Patterson Sas determined OG that tre quantum awaber J for 
this reeoquance shculd be egual to or less than 3. dJ € 0 was not 
considered, since values of Tapp obtained exceeded 6.3 barns, 
the theoretical value of C, for d = 5. 

A transmission experiment was conducted at the same tine at 
53 kev with Raï samples number 3, 4, and 5 (886 Table I). The 
nearness of tne 4} kev fivorine resurance complicated analysis 
of data obtained at 53 kev with the Sal samples. Isble V shows 
the results of analysis of this experiment by the cifference 


Method dercribed in Chapter Iii. 


Table Y. ANALYOLN UF 53 KEY ال‎ ۸41: 
BY TRE VIPPLANACE 7010 

















Toaiff With samples 3 A s1.7 b 20.1 barns 
Codiff With somplea ¢ & 5 21.0 b 27.3 barns 
Capp with sample 3 (at peak) 15.7 barns 
Capp with sample k (at pesk) 14.4 barns 
Tapp with sample 5 (at peak) 11.5 baras 
do. of soJjium assumed 3.7 barns 

of fiucrine assumed 5.7 barns 
Job upper limit, samples 3 & à 47.0 barns 
Copy Upper limit, samples à à 5 $2.2 barns 


WEAR ጩጨ. -“ረጋጣጣብሣህህጩ 


T gp Upper limits were determined from Dethe's selfesbsorpuion 
curve. 
Semple thicknesses are give in Table I. 
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Sinco thè valves of ፣“043ያ፻ 986990 10.9 barn, the theoreti- 
cal value of c for J = 1, the choice of c is nwrrowed to J = 2 
er d z 3. A yenk height analysis, Osaussisn resoiution, was ende 
by the method described in .hapter ill in créer to choose be- 
teeen J values of 2 and 3. The results of this analysis are 
given in Table Vl. J = 3 seems more consistent than J = 2 in 
that tae A values are more consistent for cifferent target 


thicknesses. 


Table Vl. FPRK HOIGNT ANALYSIS OF TAR 53 ሼራኛ 
SUUIUM RüPORANCE, OAUSSIAN RE-OLUTIUR* 


መ. ‹ ብ. سر‎ 5 3 at ° "m — mima e -—— s መ.ቁ ጋጃ መ፡: 24 — « 


Sample thickness, fy ۸2 ^3 





ia atoms/sq cm 
1.533 x 1022 1.45 0.47 0.29 
2.407 x 1042 1.05 0.43 0.28 
3.027 x 2 1.05 0.42 0.28 
5,953 x 1022 0.70 0.38 0.28 








iyerage velue of 


y for all thick- 0.57 0.85 0.98 
558565, kev 


ጩቅ ወው TE e tt Cl عسوو‎ ባሻ 


ae i ER‏ سم 





& À € l'/2.63y where y is stenderd deviation of neutron energy 
distribution. 
ubseripts corresrond to J quantum numbers. 
Coneleteney of 4 values for different sample thicknesses is 
evidence of correct d value. 
average y values baseá on eidths tabulated in Table iV. 
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Another approscz to te problem of correcting data for 
neutron energy distribution is to consider the effect of the 
2 degree spread is. the angular acceptance of neutrons. ¿vean if 
monocergic neutrons were obtained from the lithium target at 8 
particular angle, neutrons counted atili seve an energy spread, 
since neutrons are accepted for counting between 121 degrees 
and 123 degrees. in the case cf sonoergic neutrons leavin, the 
lithium target in the center of mass sy®te®, the energy distri- 
bution of neutrons counted would be more or less rectangular in 
shape. Gibbons has calculated the energy spread as a function 
oi nevtron energy at 12: degrees for tha tank arrangement used 
at Duke University (4). Nersbacher nas plotted a family ef 
curves which yleld the expected transmiseion ratio whieh would 
be observed aù @ perticular resonant energy with a ractengular 
neutron energy cistribution of known energy spread. hese 
curves may be used to calculate the expected value of the peak 
cress secticn provided 7, li.e. the total angular momentum Jj, 
and width Fo are known. If the assumptions of [ and o; are 
correct, the value of tas cross section obtained by such a 
deternínatíon should be the maximum value obtainable with the 
experimentai equipment at Luke University. This method of 
analysis cán conceivably eliminate some values for a given 
regonance. 

A peek Delight analysis besed upon the assumption ef a 
rectangular nestron energy distribution was sade of the 53 ۷ 


resonance. Table V.i shows the results of this analysis.‏ ت841 
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in this tabular summary, values ol the peak cross section due to 
the resonaces alone are listed. ¿ayerisental values are com- 
pared with calculate! values whien are obtained by coirectin, 
for a rettenguler neutron energy distribution with the aid of 
Merzbacner's curves. The calculations vere based on width 
values, [ » from Table IV and both possible J values as indi- 
ewted in Tables Y and Yi. The lowest value of À K, width of the 
rectangular energy distribution la kev, which was used in the 
analysis was obtained from Cibbon's eurve (4). Larger values 
of Ak were also used, for Cibbon's curve is baned upon the 
aseumption of moneergic neutrone in the center of mass „yston, 
Hence, larger values of AE are to be expected because, even 
in the center of mass systen, a spread in neutron energies is 
present due to proton energy spread and target thickness, 
Corparisen of calculated values wlth experimental valves in 
Table Vil makes J & 3 more plausible than J S 2, Mile the 
croga sections obtained witb esch saesple thickness can be made 
te fit experimental values (with Judicious choices of A) for 
both J values, ít is to be noted that tne calculated change 
in creas sections for different target thicknesses is more 
consistent witn experimental vsiues for J = 3 thar for J = F. 
Algo, crost sections cbteined from the difference method are 
considerably more consistent for J = 3. 'eccordingly, y + 3, 
is fevored cver J = 2 on the basis of this system of analysis. 
in conclusion, tre value J € 3 wito a width, C of 0.70 


KEV sols to be the value most eousistent with all date. The 
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value J 2 2 with a width, [ , of 1.03 kev cannot be ruled out, 
however. J (: end Jj 7 l are isconsisient in that experimental 
cross Section values exceed the thecretical values for such 
quanvum autcers. J = 3 is more consistent then y * 2 in peak 
height analyses based upon both Gaussian and rectangular neutron 
energy distributions, a8 shown in Tsbles ii and Vil. 

An sasignment of J ® 3 for this level is also indicated by 


the differential cross section measurements of ú, J. Block (171). 





Chapter VII 
DAR #:::6ፅ6.ቪ፣ ass 42 27 2:5, ሌግ ጸፈኛ) ADD 1200 ۷۲ 


kmalyses were made of tim 77 Rav, the à? ker, û the lOO 
kev resenences of fiuerine by the difference metima end the 
Deussien resolution peak height anaiysis Betnod describec in 
¿heptes Ill, and algo by the rectanguler resolutian metwod 
described in nøster Vi. (stterson hað Siwen Lat d is equal to 
or less than < for emen of these resonances (10). Two teflon 
(77) sapjes were used in these exjeriaents--one of 1/A inek 
in thickness corre£ponding to 1.00 x 1022 geome of Fluorine 
per square centimeter, and one of 1/4 inch in thiexneus 
eorresionding to 3.32 x 10** fiuorine «tome per Square centi- 
mater, ‘ech of tnese sespies has half A6 many carton stems ès 
fluorine étoms. Tue miniews value of the bismuth trenemi selon 
ratio curve àt 12 nev whe found to be v.51 for the lithium 
target. :oténtiai acattering cross Sections of 3.4 berna for 
fluorine and 4.0 barns for carton were asbumed in evaluating 
these resonances, 

Tatio YII lieve the peseitia theoretical peek values of the 
cross sections due to resensnee terme alone for J values of Y, 
l 850 d Cer كلوقه‎ of these three reconanctes. 


Table 14 gives the résulte sf a Caussian peak height 
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Table VIII. FUSILDLE TABLAITICAL PRAY ۷9۶9897٤, 
ca ECTS Valve. rub THe 27 ۲ 
THe 49 CEY, KWO TEE 19G (ZV FLUGRINWË 








in AACE: 
55 kev ፓፒ وط‎ 8 de barns Tg barns 
0 ۶ 0 J 2 1 d SE 2 
27 245.5 73.4 122.3 
49 13.6 روہ‎ 66.1 
100 0۰7 20.0 33.3 





a CR ed 








Table IK. ا‎ AL CAT ۹3۸32 wf TUL 27 Lab ri OBI RE 
RESONANTE ዶ 24 ሀ:251ጸ8 1۲۲7۷1 














Teflon thickness Ag Ay L5 
1/4 in 1.0 0.26 0.17 

Averege value of y 

for beth thicknesses, 0.95 0.61 

Kev 








25 A = £/2.83y shere y is stendera deviation of neutron energy 
distribution. 
.ubserirte® corres,ong to quantum numbers. 
“onsisieney of + values for different sample thicknesses is 
evidence of correet J value. 
Average y values based on f; ® U.40 and Cg = 4.29 kev. 
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analysis of tke 27 kev fluorise resonance. The value J 9 2 »eons 
&ost consistent since > is most consiutent for the twe thick- 
negeen. d 2 ) remains as a definite poesibility. ó = ü 19 
definitely eliminated as a posalvllity. +ictls were obtained 
from the findings of Fattersca (10). 

Table I shown the results of a rectangular resolution peak 
height Gnalyale of the 27 kev fluorine resovance. Tie A used 
was 1.33 Kev, compered to 1.46 obtained from Gibben's curvo (4s). 


d * 2 poetas Bore consistent than J £ İi on the besis of this 


Table E. POAR NIE ann 27 ۲ 
GLOUNAN CA BASEL UMA ፈ ROCTANCULES WOUTROR 
BRENNEN 00 





7 ^ < x ae 8 





Jaeasrie c 
exrerimental 

Poth, 
diff. meth. 55972 ል 352 2ሃ›3 12,0 
1/8 inch 
teflon 24.8 23.7 26:8 
1/4 inch 
teflon 





“rl values of (y are peak values Jue to the resonance tora 
alone. 

A E obtained from Gibton's curve (4) 18 1633 eg, Analysis 
based upon widths Te 0,40 kev Tor J 5 3, and [= 0.25 for 
d e 2 na determined by Patterson (10). 
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analysis. The theoretical values obtained should be tie highest 
possible values that could be obtained experimentally, since 
they are bosed upon monoergiec neutrons in the center of mass 
system. Two out of three of the values obtsinea eaperimentaliy 
exceed the values predicted upon the basis of J= ). The experi- 
Rental value obtained by the difference method exceeds its 
theoretical counterpart for J = 1 by a censidereble mount; but 
agrees fairiy closely with the corresponding value for J = 2. 
hence the value J = 2 seems more plausitls than 4 2 1 from thia 
method of analysis. 

Table Al gives the resulta of a Gaussian peak heish+ analysis 
of the 49 kev resonance. The value J = © was not considered 
since Tapp exceeded the theoretical value of 15,6 barns for 
J = Lie s#idths used in this enalysis were those determined by 
Fatterson QO by area analysis. Mo definite conclusions can be 
drawn from this analysis. 

on analysis based upon a rectangular resolution was wade of 
the 49 kev resonance in order to choose between J = 1 and J = 3. 
Table ili shows the results of this analysis, The amount of the 
energy spread obteined from Gibbonts curve (4,, AL = 2 kev, and 
higher valves of AL were used, Theoretical pear cross seetion 
vVaiues cogputed on the bases of J = 1 and J 2 2 agres with 
values obtained experimentally with More or ieus equal ctn- 
sistency. Accordingly, no cncice between J = I amd J 2 2 can be 


müde on the besis of thís analysis. 


۶ ۱ 
tr” a bp -፦ 
er À — 
| ee — ہے‎ 
M E RR Ne کے کا د‎ * 


" » nn 


a 









i d - — 


- | — — 
' 4 0 mé tt j— 
کے سس ہے سے‎ — ue "ad 





ኣደ 


Table Al. FARR HAIGHT ANALYSIS GA Thè KY ASV FLUOS IAS 
HEAR, GAUGIZAM LISTLABUTIORN 

















Teflon thickness Ay Ag 
1/8 in 0.63 0.31 
1/4 in 2,60 0.54 


Average value of y for 
poth thicknesses, kev 0.82 1.10 











2 ለ5 1'/2,ደ3 ሃ where y is standerd deviation of neutron 
energy distribution. 
Subseripte correstond to vd quantum numbers. 
Consistency of + values for differant sauple tricknessen is 
evidence of corrcet J value. 
Average y values based on ۲۱ = 1.42 and [y = 6.77 kev. 


Table Ali. PEAK HEiONT ANSALISIO Uf THE 49 KAY 7ئ‎ IN 35 
GE BASEL UTOR A RROTAACULAH. WLUTRONR 
LAG! 0 08 


و9 898 





Sesple To de for ٹا ےک‎ de for de for 
exp. ¿1,0282 — JSl,ALE2.,8 — JE2,ALT2 — JEZ,ALEJ 








Doth, 37.2 + 29.5 26.0 47.5 43.5 
diff, 1,2 

method 

1/@ in 

teflon chek 27.1 21,5 35.0 25.9 
l/h in 


teflon 22. 20.5 20.5 30.6 22.2 
TE TU I E a ii s: : 





۴ Ali values of 0, are peak values due to the resonance term 
alone. 

Ae obtained from Cilbonte curve (4) is 2 kev. 

inalysis bated upom widtnas Te 1.42 kev for d 5 i, and 12 0.97 
for J = 2 ss determined by Fatterson (10). 
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Table LLII shows the rescito of a Ususelón peah height 
analysis of the lOO hey fluerine resonance. The valve J * Y 
was not considered, since Tapp excesved 0.7 barns, the 
theoretical value corresponding to J = 0. The value Y = 3 was 
also considered as a test of the method. wf the three J values 
show, J = Z seems most consistent froe this method of amalyais. 
The widths were obtained from the thesis of Jr. J.^,. Patterson 40). 

i rectangular neutran energy cletribution is acre likely 
than a Caussian distribution at 100 Key. 'ecordingly, a rec- 
tangular distribution peak height analysis was made of this 
resonance, Thig snalySis ylelded strikinagiy good reeulte which 


Table KIII. ፻5፡፪ ከዴኋር58ኛ ጳዲጻጸ:ፊ:251,/ OF THY. 100 K:Y FLUORINE 
PESURANCE, 9 GAUSLILE DIOTRIBUTIUM 











Teflon thickness Ly åa *ን 
1/1 in 1.65 0۴52 0.33 
3/4 im ¿1.90 4.55 0437 

iveruge value of y 

for beth thicknesses, 2.0 3.3 

key 





a à 2 ['/2.83 y where y is standard deviation of neutron energy 
distribution. 
Jubscripts correspond to J quentum numbers. 
Consistency ef 2 values for different gampie thickreeses is 
evidence of correct J value. 
iverege y values based on [4 5 15 amd [, = 5 kev. 





44 


gave strong evidence that J = 1 is the correct angular momentum 
quantum number. Table Liv enows tie resulta of this analysis. 
sxperimental values apreed very well with those computed on the 
basis of J & l. 


Table £iV, PEAK BRICHT ANALTIIS oF Tin 100 ዚይሃኛ PLUA LIME 
KLZURANCA BASED UPON & RECTANUULAAR 00۷م‎ 70 
SHEROY DLSTRIBUTION® 








sanple Te de OR 
exp. Tor d æ l for d = 2 

Poth 
diff. 14.7 & 1.0 34.0 30.8 
method 
1/8 in 
teflon 17.7 18.6 30.6 
1/4 in 





* All values of og ere peak values due to the resonance term 
alone. 
AE ebtained frou Gibbon's curve (4) was 3.323 kev. 
Analysis based upon widthe [D = 10 kev for Jd = i and [!=5 
kev for J = 2 as determined by Patterson (10). 


. Summary of the results of experimental azalysis of the 
27 kev, &% kev, and 1U0 kev resonances of fluorine is given in 


Table XV. 
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Table 4v. dëst Gë THE 27, 49, AND 100 ۷ 
MAIL OF Fokus 
hesonant “ç exp J Te áesarks 
energy, barns, Assumed Theoret- 
Eg. kev limits teal 
27 58.9 0 ها‎ ga Sit too ۰ 
141 1 1345 „onsietent. 
2 122.3 “Out consistent. 
49 37.2 0 13.6 % exp too high. 
73 4 وا‎ onsistente 
2 68.7 Consistent. 
100 17.7 ሀ 6.7 Ty exp too high. 
37.4 1 49550 host consistent. 
a 35.3 Feasible, improbable. 








Supper limits of 7, exp determined frow self-absorption curve 
af Pethe, 

Lower limits of cq exp are highest experimental values 
observed. 


lh eonelusion, the value y 2 2 seams most consistent for the 
27 kev flucrine resonance. J # G is ruled out for this resonante 
because expe: imental values of the cross section exceed the 
theoretical value. leak height enalvsis besed upon a ٣8 
neutron energy distribution favors J = 2 slightly over J 2 1l. 
leak height analysis based upon a rectangular resolution favors 
J Z Z over d = 1 sowewhat more strongly. becordingly, d * 2 seems 
the most prebabie value. 

in the case of the 49 kev fluorine rezonance, the assignment 


ef J @ lord = 2 seem equelly justitiable. The value J = ¢ is 
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ruled out, since experimental cross secuionS eacegód the correspond- 
ing theoretical value. 

"he assignment of total angular quantum number J = 1 is most 
consistent for the 100 kev fluorine resenance based upon all 
methods of analysis except the Gausalen peak height analysis. 
sven in that case, J = 1 is feasible. 
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